Patients with Duchenne muscular dystrophy (DMD) commonly present with severe ventricular arrhythmias that contribute to heart failure. Arrhythmias and lethality are also consistently observed in adult Dmd mdx mice, a mouse model of DMD, after acute badrenergic stimulation. These pathological features were previously linked to aberrant expression and remodeling of the cardiac gap junction protein connexin43 (Cx43). Here, we report that remodeled Cx43 protein forms Cx43 hemichannels in the lateral membrane of Dmd mdx cardiomyocytes and that the b-adrenergic agonist isoproterenol (Iso) aberrantly activates these hemichannels. Block of Cx43 hemichannels or a reduction in Cx43 levels (using Dmd mdx Cx43 +/-mice) prevents the abnormal increase in membrane permeability, plasma membrane depolarization, and Iso-evoked electrical activity in these cells. Additionally, Iso treatment promotes nitric oxide (NO) production and S-nitrosylation of Cx43 hemichannels in Dmd mdx heart. Importantly, inhibition of NO production prevents arrhythmias evoked by Iso. We found that NO directly activates Cx43 hemichannels by Snitrosylation of cysteine at position 271. Our results demonstrate that opening of remodeled and S-nitrosylated Cx43 hemichannels plays a key role in the development of arrhythmias in DMD mice and that these channels may serve as therapeutic targets to prevent fatal arrhythmias in patients with DMD .
Introduction
Duchenne muscular dystrophy (DMD) is an incurable, progressive muscle disease that affects approximately 1 in 3500 male births (1) . DMD is caused by lack of the functional structural protein dystrophin. Absence of dystrophin increases cellular fragility, resulting in recurrent skeletal and cardiac muscle damage during contraction (2) . Currently, steroid therapy and assisted ventilation help combat skeletal muscle-related respiratory dysfunction and significantly prolong the lives of DMD patients. However, cardiac dysfunction (e.g., reduced contractility and arrhythmias) is becoming a prominent contributor to DMD pathology (3, 4) , and over 40% of patients die from heart failure (1, 5) .
Current treatments to attenuate DMD cardiomyopathies rely mainly on angiotensin-converting enzyme inhibitors, β-adrenergic blockers, and avoidance of high-intensity, adrenaline-inducing activities (6, 7) . Indeed, β-adrenergic signaling is highly dysregulated in DMD hearts. For example, cardiac stress induces oxidative stress and hyperactivity of Ca 2+ /calmodulin-dependent protein kinase II and ryanodine receptor 2 (RyR2), which triggers ventricular arrhythmias in young mutant X-linked dystrophin gene mice (Dmd mdx ) mice (8, 9) . At later stages of the disease, "leaky" RyR2 channels contribute to aberrant Ca 2+ release from the sarcoplasmic reticulum. This Ca 2+ leak triggers a signaling pathway that promotes plasma membrane potential (Vm) depolarization and, consequently, delayed after-depolarizations (DADs) (10) . However, plasma membrane channels/transporters responsible for changes in Vm in Dmd mdx cardiomyocytes remain elusive. In the heart, cardiomyocytes are arranged laterally end to end and connected through intercalated discs. The intercalated discs of healthy cardiomyocytes contain gap junctions, which act as low-resistance channels to an opposing cardiomyocyte (11) . Connexin43 (Cx43) is the most abundant connexin isoform and is found in the working myocardium of the atrium and ventricle as well as in the more distal regions Patients with Duchenne muscular dystrophy (DMD) commonly present with severe ventricular arrhythmias that contribute to heart failure. Arrhythmias and lethality are also consistently observed in adult Dmd mdx mice, a mouse model of DMD, after acute β-adrenergic stimulation. These pathological features were previously linked to aberrant expression and remodeling of the cardiac gap junction protein connexin43 (Cx43). Here, we report that remodeled Cx43 protein forms Cx43 hemichannels in the lateral membrane of Dmd mdx cardiomyocytes and that the β-adrenergic agonist isoproterenol (Iso) aberrantly activates these hemichannels. Block of Cx43 hemichannels or a reduction in Cx43 levels (using Dmd mdx Cx43 +/-mice) prevents the abnormal increase in membrane permeability, plasma membrane depolarization, and Iso-evoked electrical activity in these cells. Additionally, Iso treatment promotes nitric oxide (NO) production and S-nitrosylation of Cx43 hemichannels in Dmd mdx heart. Importantly, inhibition of NO production prevents arrhythmias evoked by Iso. We found that NO directly activates Cx43 hemichannels by S-nitrosylation of cysteine at position 271. Our results demonstrate that opening of remodeled and S-nitrosylated Cx43 hemichannels plays a key role in the development of arrhythmias in DMD mice and that these channels may serve as therapeutic targets to prevent fatal arrhythmias in patients with DMD .
of the Purkinje network (12) . The biogenesis of a Cx43 gap junction channel begins with the intracellular assembly of 6 connexin (Cx) proteins to form a hemichannel, which is then inserted into the plasma membrane. The hemichannel moves to sites of apposition between cells and docks with a hemichannel of an adjacent cell to form a gap junction channel. Importantly, myocytes from diseased hearts display abnormal levels of Cx43 and redistribute to the plasma membrane away from the intercalated discs. This increase of Cx43 in lateralized regions of diseased cardiomyocytes is a phenomenon known as remodeling (13) (14) (15) . Cx43 remodeling is observed in several pathological cardiac conditions, including ischemia, hypertrophy, and heart failure, as well as in DMD (13) (14) (15) (16) (17) .
We have recently proposed that in the heart, remodeled Cx43 proteins at the plasma membrane in Dmd mdx mice do not form gap junctions, but instead, undocked hemichannels (16, 18) . Thus we hypothesize that β-adrenergic stimulation enhances the activity of remodeled Cx43 hemichannels in Dmd mdx hearts, affecting cardiomyocyte membrane excitability and promoting arrhythmias. Here, we tested this idea and demonstrated that β-adrenergic stimulation leads to the opening of Cx43 hemichannels via nitric oxide (NO) production and direct S-nitrosylation of Cx43 proteins. Inhibition of NO synthesis prevented S-nitrosylation of Cx43 and arrhythmias evoked by β-adrenergic stimulation in Dmd mdx mice. Consistent with this observation, S-nitrosylation of Cx43 hemichannels resulted in membrane plasma depolarization of Dmd mdx cardiomyocytes and subsequent generation of action potentials. Finally, we determined that Cx43 hemichannel activity increased after S-nitrosylation of cysteine 271 in the C-terminal domain. We propose that enhanced S-nitrosylation and opening of remodeled Cx43 hemichannels are critical for the development of arrhythmias in DMD.
Results

Isoproterenol-evoked electrical activity in Dmd
mdx cardiomyocytes is mediated by Cx43 hemichannels. We tested the hypothesis that lateralized Cx43 protein forms hemichannels with aberrant activity, which results in increased membrane excitability and favors isoproterenol-induced (Iso-induced) arrhythmias in Dmd mdx cardiomyocytes. Figure 1A shows representative traces of cardiac action potentials (APs) from WT and Dmd mdx isolated cardiomyocytes evoked by an injection of 2 nA current under current-clamp conditions. Treatment of cells with 1 μM Iso induced triggered activity (TA) in Dmd mdx , but not WT, cardiomyocytes. The average number of Iso-induced TAs was 63 ± 1.8 and 2 ± 0.5 per minute in Dmd mdx and WT cardiomyocytes, respectively ( Figure 1B ). To assess the role of Cx43 hemichannels in Iso-evoked TA, we examined whether the latter is prevented by 2 specific Cx43 hemichannel blockers added into the patch pipette: Gap19 peptide (19, 20) (232 ng/ μL) or AbCx43 antibody (2.5 ng/μL) that recognizes the C-terminal (CT) domain of Cx43. Iso-evoked TAs were significantly reduced (by ~80%) in Dmd mdx cardiomyocytes treated with both Gap19 peptide (8.2 ± 0.6 per minute) and AbCx43 (7.4 ± 0.4 per minute) ( Figure 1, A and B) . Importantly, blockade of Cx45 hemichannels, a distinct Cx isoform also expressed in cardiomyocytes (12) , with an antibody against the Cx45 CT domain, did not prevent the generation of TA (Figure 1, A and B) .
Previously, we showed that dystrophic mice with lower levels of Cx43 (Dmd mdx Cx43
+/-
) were resistant to Iso-induced arrhythmias (18 Figure 1A ). The average number of TAs was 18.4 ± 3.2 and 3.2 ± 0.8 per minute in Dmd mdx Cx43 +/-in the absence and presence of AbCx43, respectively ( Figure 1B ). These data strongly suggest that Iso-evoked TAs in Dmd mdx cardiomyocytes are mediated by activity of Cx43 hemichannels. We next examined whether Iso-induced TAs in Dmd mdx cardiomyocytes are associated with changes in the resting Vm, which in turn are caused by the altered activity of Cx43 hemichannels. Figure  1C shows Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.130091DS1). Furthermore, Dmd mdx cardiomyocytes not treated with Iso, but injected with depolarizing currents to maintain the resting Vm near -61 mV (the value observed after Iso treatment), displayed a significant number of TAs (60.3 ± 0.2 per minute).
Sodium-calcium exchanger (NCX) activity has also been proposed to promote membrane depolarization and DADs in cardiac pathologies such as hypoxia reoxygenation, transverse aortic contraction, and heart failure (21) (22) (23) (24) . However, blockade of NCX transporters using the specific inhibitor SEA0400 (25) did not restore Iso-induced resting Vm depolarization and TAs (Supplemental Figure 2) in Dmd mdx cardiomyocytes. Taken together, our data suggest that Iso treatment produces Vm depolarization and, consequently, generates TA events in Dmd mdx cardiomyocytes mainly via Cx43 hemichannel activity. To support that Iso treatment increases activity of Cx43 hemichannels in the Dmd mdx hearts, we developed a semiquantitative in situ assay using perfused isolated hearts (see Methods). Uptake of hemichannel-permeable, plasma membrane-impermeable molecules, such as fluorescent ethidium bromide, from the extracellular space is used largely to measure open Cx43 hemichannels (26) (27) (28) . Under normal conditions, Dmd mdx hearts showed about 4-fold greater ethidium uptake than WT hearts ( Figure 1D ). Iso stimulation significantly increased ethidium uptake in both genotypes, but a significantly larger uptake was detected in Dmd mdx hearts ( Figure 1D ). In vivo treatment with Gap19 via retro-orbital injection before Iso administration drastically reduced dye uptake in Dmd mdx hearts under both normal and Iso-stimulated conditions ( Figure 1D ). Moreover, isolated heart from Dmd mdx Cx43 +/-mice did not display significant ethidium uptake upon isoproterenol treatment ( Figure 1D ). The uptake of a Cx43 hemichannel-impermeable dye, propidium iodide (PI), was negligible under basal or Iso-induced conditions, ruling out unspecific dye permeability mediated by plasma membrane breakdown (Supplemental Figure 3) . These results indicate that the substantial ethidium uptake observed in Dmd mdx hearts stimulated with Iso was mediated by the opening of Cx43 hemichannels. In the next group of experiments, we estimated the amount of lateralized Cx43 hemichannels at the plasma membrane of cardiomyocytes in the intact heart of WT and Dmd mdx mice using a modified method of cell surface protein biotinylation. Immunofluorescence against biotin perfused into whole hearts showed that biotin reached only the lateral sides of cardiomyocytes but not the intercalated discs ( Figure 2A ). Western blot analysis of the biotinylated fraction showed that Dmd mdx hearts had significantly higher levels of Cx43 protein at the lateralized region when compared with WT hearts. Iso treatment increased the levels of lateralized Cx43 in both WT and Dmd mdx hearts. N-cadherin and endothelial NO synthase (eNOS) were not detected in the biotinylated fraction, confirming that biotin did not interact with intercalated discs (N-cadherin) and intracellular (eNOS) proteins ( Figure 2B ). Furthermore, the biotinylated fraction in Dmd mdx Cx43 +/-hearts displayed lower levels of Cx43 protein at the lateralized region when compared with Dmd mdx hearts (Supplemental Figure 4) . Notably, the amount of lateralized Cx43 hemichannels at the plasma membrane strongly correlated with the levels of ethidium uptake in WT and Dmd mdx heart under control conditions and after Iso treatment ( Figure 1D ). Overall, our results strongly suggest an important role for Cx43 hemichannels in the pathophysiology of Dmd mdx hearts. Iso promotes S-nitrosylation and opening of lateralized Cx43 hemichannels in the Dmd mdx heart. Previous reports show β-adrenergic stimulation activates NO synthases (NOSs) and promotes S-nitrosylation of several Ca 2+ -handling proteins in the heart (29, 30) . Because opening of Cx43 hemichannels has been linked to NO production in astrocytes (31), we evaluated whether Cx43 is S-nitrosylated in the hearts of WT and Dmd mdx mice upon Iso stimulation. Using the biotin switch assay, we found that levels of S-nitrosylated Cx43 in Dmd mdx cardiac tissue was almost 4-fold greater than in the WT heart under control conditions ( Figure 3A ). Iso stimulation resulted in a nearly 2-fold increase in levels of S-nitrosylated Cx43 in both WT and Dmd mdx with respect to control (Figure 3A) . S-nitrosylated Cx43 levels in Dmd mdx Cx43 +/-were also reduced when compared with Dmd mdx hearts (Supplemental Figure 5A ). To support that S-nitrosylation of Cx43 depends on Iso-induced NO production, both WT and Dmd mdx animals were administered 2 mM N ω -nitro-l-arginine (l-NAME), a nonselective NOS inhibitor (32) , in their drinking water for 1 week before Iso stimulation. Following l-NAME treatment, levels of S-nitrosylated Cx43 in both WT and Dmd mdx hearts treated with Iso were restored to control levels ( Figure 3A ). To examine the subcellular localization of S-nitrosylated Cx43, we performed the proximity ligation assay (PLA) using antibodies that recognize S-nitrosylated proteins and the C-terminus of Cx43. In WT hearts, S-nitrosylated Cx43 was confined to intercalated discs, and its fluorescence was intensified after mice were injected with Iso (5 mg/kg). In Dmd mdx hearts under control conditions, the staining for S-nitrosylated Cx43 was also localized to intercalated discs and was visibly stronger than WT. After treatment with Iso, S-nitrosylated Cx43 was found mostly at lateral sides in Dmd mdx hearts. Importantly, the S-nitrosylated Cx43 signals were visibly diminished in Iso-treated WT and Dmd mdx hearts after 1 week of l-NAME administration in the drinking water ( Figure 3B ). Dmd mdx Cx43 +/-cardiomyocytes also displayed a significant reduction of S-nitrosylated Cx43 signals compared with Dmd mdx and WT hearts in the absence or presence of β-adrenergic stress (Supplemental Figure 5B ). These data show that S-nitrosylated Cx43 was localized to the lateral side of Dmd mdx cardiomyocytes upon Iso treatment.
To evaluate whether Iso-induced NO production and S-nitrosylation of Cx43 are linked to an increase in Cx43 hemichannel activity, we examined whether Cx43 hemichannel-mediated ethidium uptake in perfused WT and Dmd mdx hearts is inhibited by pretreatment with l-NAME. Ethidium fluorescence increased by about 2-fold with respect to vehicle conditions in the Dmd mdx heart after Iso treatment ( Figure 3C ). Moreover, l-NAME treatment completely eliminated Iso-induced ethidium uptake. These data suggest that β-adrenergic stimulation-induced ethidium uptake in Dmd mdx mice results from the opening of S-nitrosylated Cx43 hemichannels.
We also performed biotin switch assay and PLA analysis on heart samples obtained from multiple non-DMD and DMD patients to test S-nitrosylation status of Cx43 in humans. Total S-nitrosylated levels of Cx43 in the human DMD hearts were 3-fold higher than those observed in controls ( Figure 3D ). PLA analysis showed that S-nitrosylated Cx43 was located at the lateral sides of human DMD hearts. Conversely, in non-DMD hearts, S-nitrosylated Cx43 was located mainly at the intercalated discs ( Figure 3E ). These findings indicate that S-nitrosylated Cx43 might play an essential role in human DMD cardiomyopathy.
Inhibition of NOS prevents Iso-induced TAs and arrhythmias in Dmd mdx mice. Because Iso-evoked opening of Cx43 hemichannels was drastically reduced by inhibiting NO production in Dmd mdx hearts ( Figure 3C ), we next studied whether TAs mediated by Cx43 hemichannels were also affected by inhibition of NO production in Iso-treated Dmd mdx cardiomyocytes. Figure 4A shows representative APs in WT and Dmd mdx isolated cardiomyocytes that were evoked by electrical stimulation in control conditions or in the presence of 100 μM l-NAME. Treatment with l-NAME reduced the incidence of Iso-evoked TAs in Dmd mdx cardiomyocytes ( Figure 4 , A and B). Moreover, l-NAME significantly reduced the Iso-induced increase in the resting mdx heart sample. Biotin was perfused for 60 minutes before heart fixation. Cryosections were stained with wheat germ agglutinin (WGA, blue). Note that biotin was positively stained only at the lateral borders of cardiomyocytes and not at intercalated discs. (B) Western blot analysis and quantification of Cx43 from biotin-perfused hearts (biotinylation). Bottom row represents Cx43-immunoblotted samples from heart lysates prior to pulldown (total Cx43). Biotinylated Cx43 levels were expressed as fold change relative to total Cx43 protein levels per sample. Note that biotin did not interact with intracellular proteins (eNOS) and intercalated disc proteins (N-cadherin). The number in parentheses indicates the n value. Comparisons between groups were made using 2-way ANOVA plus Tukey's post hoc test. *P < 0.05 vs. WT control; † P < 0.05 vs. Dmd mdx control.
Vm of Dmd mdx cardiomyocytes, restoring it to similar values observed in WT cardiomyocytes ( Figure 4C ).
l-NAME's effect on TAs was similar to that observed after the block of Cx43 hemichannels ( Figure 1 , A and C), supporting the idea that Cx43 hemichannel-mediated aberrant electrical activity in Dmd mdx cardiomyocytes is likely the result of S-nitrosylation of hemichannels.
Because we have proposed that Cx43 hemichannels mediate Iso-induced arrhythmogenesis in Dmd mdx mice (16, 18), we next tested whether blockade of NO production reduces arrhythmias. To test this, we performed in vivo electrocardiograms (ECGs) in WT and Dmd mdx mice under control condition and after l-NAME treatment. Representative ECGs recorded from WT mice and Dmd mdx mice treated with l-NAME are shown in Figure 4D . Remarkably, Dmd mdx mice treated with l-NAME were protected from Iso-induced arrhythmias ( Figure 4D ), which was evident by a significantly lower arrhythmia score compared with vehicle-treated counterparts ( Figure 4E . In addition, exogenous NO application depolarized the membrane in both WT and Dmd mdx cardiomyocytes to membrane potentials of -65.9 and -61.8 mV, respectively ( Figure 5C ). Cx43 hemichannel blockers and genetic reduction of the levels of Cx43 (Dmd mdx Cx43 +/-) restored the resting membrane potentials to those observed in vehicle values ( Figure 5C ). Importantly, NO-treated Dmd mdx cardiomyocytes displayed resting Vm values similar to those found in Iso-treated cells, thus indicating a similar mechanism of changes in membrane excitability ( Figure 1C ). Thus, our findings strongly suggest that Iso, NO, and Cx43 hemichannel openings operate in the same signaling pathway that induces TA and arrhythmias in stressed Dmd mdx hearts. NO activates Cx43 hemichannels via S-nitrosylation of cysteine 271. To confirm that NO activates Cx43 hemichannels via S-nitrosylation, we assessed Cx43 hemichannel ionic currents in Xenopus oocytes using the 2-electrode voltage clamp technique. Consistent with previous studies, we did not observe noticeable Cx43 hemichannel currents in response to changes in voltage or low extracellular [Ca 2+ ] (26, (33) (34) (35) (36) . However, treatment of Cx43-expressing oocytes with 10 μM DEENO evoked an increase in plasma membrane conductance at all voltages when compared with noninjected oocytes ( Figure 6A ). The increase in current induced by NO was blocked when using either Gap19 or AbCx43 ( Figure 6B) , showing that observed current originated from Cx43 hemichannels.
We also found NO induced depolarization of the Vm in oocytes expressing Cx43 but not in the noninjected oocytes. Consistently, Gap19 and AbCx43 prevented NO-induced Vm depolarization in Cx43-expressing oocytes ( Figure 6C ). Extracellular calcium drastically reduces Cx43 open hemichannel probability (26) . Consistent with this, NO-induced Vm changes in Cx43-expressing oocytes were dependent on extracellular calcium concentrations ( Figure 6D ).
The C-terminus of Cx43 is a target for various posttranslational modifications. It includes various phosphorylation sites that affect gap junction plaque formation and stability (37) (38) (39) . It also contains Figure 3 . Iso increases S-nitrosylated levels of Cx43 at the lateral side of Dmd mdx cardiomyocytes. (A) Top and middle gels were loaded with S-nitrosylated proteins pulled down from heart samples using the biotin switch assay. Top gel was, then, blotted against Cx43, and the middle gel is the corresponding Ponceau staining. Lower blot was loaded using total cardiac proteins and blotted against Cx43. The bottom graph is the quantification for 5 independent blots using the ratio for S-nitrosylated Cx43/Ponceau. The number in parentheses indicates the n value. Comparisons between groups were made using 2-way ANOVA plus Tukey's post hoc test. *P < 0.05 vs. WT control, and † P < 0.05 vs. WT Iso. (B) Analysis performed by PLA of the interaction between Cx43 and S-nitrosylation. Plasma membrane stained with wheat germ agglutinin (WGA) and S-nitrosylated Cx43 (Cx43-SNO) are shown in green and red, respectively. Representative images of n = 5 per group. (C) Assessment of Cx43 hemichannel activity in isolated Dmd mdx hearts perfused with buffer containing 5 μM ethidium bromide after or without treatment with Iso. Arrows show nuclei. The number in parentheses indicates the n value. Comparisons between groups were made using 2-way ANOVA test plus Tukey's post hoc test. *P < 0.05 vs. vehicle WT;
† P < 0.05 vs. vehicle Dmd mdx . (D) Top and middle gels were loaded with S-nitrosylated proteins pulled down from human heart samples using the biotin switch assay. Top gel was, then, blot against Cx43 and the middle gel is the corresponding ponceau staining. Lower blot was load using total cardiac proteins and blot against Cx43. (E) Analysis performed by PLA of the interaction between Cx43 and S-nitrosylation in human samples. Note that Cx43 is S-nitrosylated at the lateral side of DMD human samples compare to non-DMD.
3 cysteines (C260, C271, and C298) that could be targets of S-nitrosylation. Thereby, we deleted the C-terminus of Cx43 (CT, Cx43ΔCT) and examined ionic currents in response to DEENO application. Cx43ΔCT-expressing oocytes did not display NO-induced hemichannel currents upon stimulation with DEENO ( Figure 7A ). We also made single substitutions of cysteines C260S, C271S, and C298S of Cx43 with nonpolar amino acid serine and tested for NO-induced hemichannel activation. Whereas C260S-and C298S-mutant hemichannels remained sensitive to NO, the C271S mutant completely lost its NO dependence ( Figure 7A ). Moreover, DEENO treatment depolarized the resting Vm in oocytes expressing C260S and C298S but not C271S ( Figure 7B ).
Although the above data suggest that C271 is critical for NO-induced Cx43 hemichannel opening, we cannot rule out yet the possibility that the deletion of the CT in Cx43 and the C271S mutation per se preclude hemichannel opening by affecting gating, independently of lack of nitrosylation at C271. To address this, we tested the NO responses in heteromeric Cx43 and Cx26S17F hemichannels, which are activated by changes in Vm (33) . Supplemental Figure 6A shows representative currents from heteromeric hemichannels formed by combination of Cx43, Cx43ΔCT, or Cx43C271S and Cx26S17F (black traces) elicited by depolarizing pulses from -80 mV to 0 mV. In the presence of 10 μM DEENO, heteromeric channels containing the full-length Cx43, but not Cx43C271S and Cx43ΔCT, displayed an increase in currents (red traces). Cx26 or Cx26S17F homomeric hemichannels were not sensitive to NO donors (Supplemental Figure 6B) . Thus, we conclude that the CT of Cx43 mediates NO-induced hemichannel currents via NO modifications at the residue C271.
To biochemically confirm that residue C271 is S-nitrosylated by NO in Cx43 hemichannels, we conducted a biotin switch assay. S-nitrosylated Cx43 was detected in oocytes expressing Cx43, Cx43C260S, and Cx43C298S after the treatment with 10 μM DEENO. Consistent with electrophysiological recordings, Cx43C271S did not display detectable levels of S-nitrosylation after treatment with DEENO ( Figure 7C ). These results confirm that C271 is the critical residue, which is the subject of modification by NO, and is expected to participate in Cx43 hemichannel opening in response to S-nitrosylation in vivo.
Discussion
We previously reported overexpression and pathological remodeling of Cx43 in the hearts of DMD patients and Dmd mdx mice (16) . β-Adrenergic stimulation with Iso caused severe arrhythmias and sudden death in Dmd mdx mice, which were prevented by either administration of Cx43 hemichannel blockers or genetically reducing Cx43 protein levels (16, 18) . In the present study, we examined cellular and molecular mechanisms by which Cx43 proteins mediate cardiac stress-evoked arrhythmias. We established that β-adrenergic stimulation with Iso promotes changes in membrane permeability and TAs in Dmd mdx cardiomyocytes via opening of lateralized and S-nitrosylated Cx43 hemichannels. Normalization of the S-nitrosylation-redox balance by inhibition of the NOSs reversed changes in membrane permeability, halted TAs, and prevented arrhythmogenic behavior in the Dmd mdx mice. Finally, we demonstrated that S-nitrosylation at the residue C271 promotes opening of Cx43 hemichannels. This is a strong indication of a critical role of S-nitrosylated lateralized Cx43 hemichannels in the developing of arrhythmias in Dmd mdx mice. Over time, β-adrenergic-induced arrhythmias in Dmd mdx mice progress from premature ventricular contractions to ventricular tachycardia and AV block (16, 18) . These arrhythmic events did not arise as an autonomic defect, such as parasympathetic surge, because they were also observed in isolated Dmd mdx hearts perfused with Iso (18) . Our data suggest that β-adrenergic-induced ventricular arrhythmias were evoked primarily by TA and increased activity of Cx43 hemichannels. It is well known that TA can culminate in sustained abnormal heart rhythms due to early and delayed after-depolarizations, which are associated with Vm oscillations after the upstroke of an AP (40) (41) (42) . β-Adrenergic stimulation depolarizes the plasma membrane in both WT and Dmd mdx cardiomyocytes (10). However, membrane depolarization in Dmd mdx cardiomyocytes was significantly greater and sufficient to promote TAs. Application of Cx43 hemichannel blockers restored the resting Vm in Iso-treated Dmd mdx cardiomyocytes to WT levels and markedly decreased TAs. Our data rule out the role of NCX transporters, which has been implicated in the generation of DADs and arrhythmias in other cardiac pathologies (22) (23) (24) . This result is also in line with previous studies indicating that β-adrenergic stimulation did not activate NCX current under normal conditions Figure 6 . NO-activated currents from oocytes expressing Cx43 hemichannels. (A) Representative current traces before and after application of 10 μM DEENO in a noninjected oocyte or an oocyte expressing Cx43. Oocytes were clamped to −80 mV, and square pulses from −80 mV to +90 mV (in 10-mV steps) were then applied for 2 seconds. At the end of each pulse, the membrane potential was returned to −80 mV. Normalized currents were obtained from the ratio between recorded current after and before DEENO treatment. The number in parentheses indicates the n value. Comparisons between groups were made using 2-way ANOVA plus Tukey's post hoc test; *P < 0.05 vs. noninjected. (B) Intracellular injection of Gap19 (232 ng/μL) or a Cx43 CT antibody (2.5 ng/μL) reduced NO-induced Cx43 hemichannel currents. The number in parentheses indicates the n value. Comparisons between groups were made using 2-way ANOVA plus Tukey's post hoc test. *P < 0.05 vs. Cx43 with Gap19; † P < 0.05 vs. Cx43 with AbCx43. (C) Changes in resting membrane potential in the presence or absence of 10 μM DEENO. Cx43 hemichannel blockers restored normal resting membrane potential. Comparisons between groups were made using 1-way ANOVA; *P < 0.05. (D) Extracellular calcium dependence of the resting membrane potential evoked by 10 μM DEENO in oocytes expressing Cx43 hemichannels. The number in parentheses indicates the n value. Comparisons between groups were made using 2-tailed Student's t test; *P < 0.05 vs. control.
in guinea pig, mouse, and rat ventricular myocytes (43) . In addition, K + currents, which maintained and restored resting Vm following AP generation, were not affected by the Cx43 hemichannel blocker Gap19 in both WT and Dmd mdx cardiomyocytes (Supplemental Figure 7) . Our above data indicate that Iso depolarizes Vm and produces TAs mainly via Cx43 hemichannel activity. This idea is further supported by measurements of ethidium uptake across the plasma membrane of intact hearts. Iso treatment substantially increased membrane permeability in Dmd mdx but not WT hearts, which nicely correlates with our findings of significant changes in the Vm and the presence of TAs in isolated Dmd mdx but not WT cardiomyocytes. Hearts from 4-to 5-month-old Dmd mdx mice displayed abnormal membrane permeability, but cardiac dysfunction was undetectable unless mice were subjected to cardiac stress. Because cardiac pathology does not emerge until Dmd mdx mice are at least 8 months old, the increase in the membrane permeability might serve as an early sign of DMD cardiomyopathy.
The high conductance and poor selectivity of Cx43 hemichannels (26) Figure 7 . Position C271, but not C260 and C298, was S-nitrosylated and mediated NO-induced hemichannel currents. (A) Representative current traces for oocytes expressing Cx43 with a deleted CT and Cx43 mutants C260S, C271S, and C298S. Black and red traces correspond to voltage step-evoked currents in the absence or presence of 10 μM DEENO, respectively. Oocytes were clamped to −80 mV, and square pulses from −80 mV to +90 mV (in 10-mV steps) were then applied for 2 seconds. At the end of each pulse, the membrane potential was returned to −80 mV. Graph shows normalized fold increase of DEENO current after treatment at different voltages. The number in parentheses indicates the n value. Comparisons between groups were made using 2-way ANOVA plus Tukey's post hoc test; *P < 0.05 vs. Cx43ΔCT; † P < 0.05 vs. Cx43C271. (B) DEENO decreased the resting membrane potential in oocytes expressing Cx43 mutants C260S and C298S but not in those expressing the Cx43ΔCT or Cx43 mutant C271S. The number in parentheses indicates the n value. Comparisons between groups were made using 2-way ANOVA test; *P < 0.05 vs. control. (C) Top gel was loaded with S-nitrosylated proteins pulled down using the biotin switch assay and blotted against Cx43. Bottom Western blot was loaded with total proteins of oocytes expressing Cx43 against Cx43. The number in parentheses indicates the n value. Comparisons between groups were made using Student's t test; *P < 0.05 vs. control. open probability of remodeled Cx43 hemichannels could lead to complete collapse of the electrochemical gradient and cell death (44) . Cx43 hemichannel function is tightly regulated by physiological extracellular calcium concentrations (45) . In line with this, we found that changes in Vm in oocytes expressing Cx43 strongly correlated with extracellular calcium concentrations ( Figure 6D ). Thus, extracellular calcium concentrations in our experiments could limit changes in Vm in Dmd mdx cardiomyocytes treated with Iso. It has been widely reported that Iso treatment in isolated cardiomyocytes promotes posttranslational modification (i.e., phosphorylation and S-nitrosylation) of various other cardiac ion channels and transporters, which consequently affect the kinetics of the APs (46, 47) . Interestingly, we observed that Iso-induced AP prolongation in both WT and Dmd mdx cardiomyocytes was inhibited by Gap19 and AbCx43, suggesting a role for Cx43 hemichannels in sustaining AP prolongation (Supplemental Figure 8) . Interestingly, unpaired Cx43 hemichannels are found at the intercalated disc prior to formation of gap junctions in a region known as the perinexus (48-50); thus, it is possible that Cx43 hemichannels play a physiological role in setting the local membrane potential upon physiological conditions. In pathology, however, overexpression and lateralization may exacerbate their activity and create DADs and TAs. Further experiments are necessary to investigate.
When we assessed K + currents mediated mainly by voltage-gated potassium and inwardly rectifying K + currents (51-53), these last currents being those that maintain the Vm in several cardiac cells (51, 52, 54, 55) , WT and Dmd mdx cardiomyocytes displayed similar reversal Vm in the presence or absence of Iso (Supplemental Figure 7B ). In addition, Gap19 did not alter K + current reversal potentials in WT and Dmd mdx cardiomyocytes. These findings suggest that K + channels did not mediate changes in the resting Vm detected in WT and Dmd mdx cardiomyocytes upon β-adrenergic stress. Recent studies indicate that β-adrenergic signaling promotes NO production in cardiomyocytes (29, (56) (57) (58) . In addition to the canonical pathway of NO-induced protein kinase G activation, NO also induces direct posttranslational modification of thiol groups in specific cysteine residues on various proteins via S-nitrosylation (59). S-nitrosylation of several Ca 2+ -handling proteins, including RyR, SERCA2-associated phospholamban, NCX, and troponin C (29, 30, 60) , are promoted by β-adrenergic receptors' activation. In the DMD heart, the expression of neuronal NO synthases (nNOSs) and endothelial NO synthases (eNOSs) is reduced (61); however, there is a significant increase in the levels of inducible NO synthase (iNOS) (10, 61) . This can result in a significant increase in NO production because the iNOS catalytic activity is 100-1000 times higher than that of eNOS and nNOS (62) . Several studies suggest that the S-nitrosylation-redox balance might play a key role in ventricular arrhythmias in Dmd mdx mice (10, 63, 64) . In particular, Fauconnier et al. showed that RyR2 channels from Dmd mdx hearts were S-nitrosylated and depleted of calstabin2 (FKBP12.6), resulting in "leaky" RyR2 channels and increased diastolic sarcoplasmic reticulum (SR) Ca 2+ leak. Inhibition of SR Ca 2+ leak prevents membrane depolarization, DADs, and arrhythmias in dystrophic mice (10) . The molecular mediators by which leaky RyRs promote membrane depolarization in dystrophic cardiomyocytes have not been investigated. Recent work indicates that an increase in intracellular Ca 2+ concentration (up to ~500 nM) activates Cx43 hemichannels in both heterologous expression systems and ventricular cardiomyocytes (65) . Combined with our results, these findings suggest a causal link between increased SR Ca 2+ leak and Cx43 hemichannel activation in mediating membrane depolarization and arrhythmias in Iso-treated Dmd mdx cardiomyocytes and mice, respectively. S-nitrosylation may also be a potential regulator of Cx43 hemichannels in Dmd mdx cardiomyocytes. We found that the level of S-nitrosylated Cx43 was substantially higher in Dmd mdx compared with WT hearts. Under resting conditions, Dmd mdx and WT cardiomyocytes displayed S-nitrosylated Cx43 proteins mainly at the intercalated disc regions, where they likely formed gap junction channels. Upon stimulation with Iso, most of the S-nitrosylated Cx43 was found at lateralized regions of Dmd mdx cardiomyocytes, where Cx43 is remodeled and primarily forming hemichannels. In contrast, S-nitrosylated Cx43 remained at the discs in WT cells. Consistent with a possible pathophysiological role of S-nitrosylated Cx43 in DMD, hearts from patients with DMD displayed substantially higher levels of S-nitrosylated Cx43 compared with hearts of healthy individuals. Moreover, whereas S-nitrosylated Cx43 molecules were mostly lateralized in DMD cardiac tissue, they were confined to intercalated discs in hearts of healthy humans.
Inhibition of NO production with l-NAME prevented Iso-induced S-nitrosylation of Cx43 protein. It also prevented increases in membrane permeability and excitability in Dmd mdx cardiomyocytes, which is in agreement with an absence of arrhythmogenic behavior in Dmd mdx mice treated with Iso. To our knowledge, there is no previous evidence indicating that NO inhibition attenuates cardiac stress-induced arrhythmias in dystrophic mice.
We propose that an increase in NO production and consequent S-nitrosylation of lateralized Cx43 hemichannels trigger arrhythmias in Dmd mdx mice. In line with this, exogenous administration of NO promoted membrane depolarization and TAs in Dmd mdx but not in WT cardiomyocytes via activation of Cx43 hemichannels. Importantly, we also rule out that, in addition to S-nitrosylation of Cx43, the canonical NO/GMPc/PKG pathway is involved in the activation of Cx43 hemichannels. For example, we found that membrane depolarization and TAs in Dmd mdx were not affected by ODQ and KT 5823, an inhibitor of soluble guanylyl cyclase and protein kinase G, respectively (Supplemental Figure 9A) . Consistently, ODQ or KT 5823 did not affect NO-induced Cx43 hemichannel currents in Xenopus oocytes expressing Cx43 (Supplemental Figure 9B) .
Electrophysiological studies of hemichannels in Xenopus oocytes confirmed that NO promotes their opening, and consequently, leads to membrane depolarization. At the molecular level, we found that the Cx43 CT domain is critical for the modification of remodeled hemichannel gating by NO. We identified residue C271 located within this domain as the unique S-nitrosylation site and for the first time to our knowledge demonstrated that S-nitrosylation of C271 is critical for NO-induced Cx43 hemichannel opening. This is consistent with a previous report identifying C271 as the site for nitrosylation of Cx43-forming gap junction channels.
Cx43 remodeling is observed in multiple cardiac pathologies, including ischemia, myocardial infarction, and hypertrophy, and has been linked to arrhythmogenesis because of the reduction of electrical coupling through gap junctions (17, (67) (68) (69) (70) (71) (72) . It is proposed that reduced electrical coupling slows conduction and favors reentrant excitation, resulting in arrhythmias (67) (68) (69) (70) (71) (72) . However, this is not likely to underlie arrhythmic behaviors observed in DMD hearts, where there is no reduction in total Cx43 protein levels (and thus coupling) detected (18) . Biotin assay experiments suggest that remodeled Cx43 proteins found in dystrophic hearts form undocked hemichannels and not de novo gap junction channels. Compelling evidence indicates that biotin does not bind to Cx43 molecules that are part of gap junctions (31, 73) . Furthermore, functional and stable Cx43 gap junction channels require formation of a molecular complex consisting of several intracellular binding proteins, which were not found to be in association with lateralized Cx43 protein (48) . Thus, remodeled lateralized Cx43 hemichannels rather than Cx43 junctional proteins are likely playing a substantial role in DMD arrhythmogenesis.
Overall, by supporting a role for Cx43 hemichannels in the development of arrhythmias, our results suggest a major impact of Cx43 remodeling in other cardiac pathologies, including myocardial infarction and hypertrophy. Cx43 hemichannels emerge as new players that critically affect membrane excitability of Dmd mdx cardiomyocytes and promote arrhythmias during β-adrenergic-induced cardiac stress. Thus, Cx43 hemichannels could serve as a novel therapeutic target that can prevent cardiac arrhythmias and heart dysfunction.
Methods
Cell isolation. Ventricular myocytes were enzymatically isolated from mouse hearts (WT and Dmd mdx ). WT and Dmd mdx male mice were purchased from The Jackson Laboratory and analyzed at time points of 5-6 months. Mice were heparinized (5000 U/kg) and then anesthetized with overdosed isoflurane. The hearts were removed and were retrogradely perfused at 37°C in Langendorff fashion with nominally Ca 2+ -free Tyrode's solution containing 0.5 mg/mL collagenase (type II; Worthington) and 0.1 mg/mL protease (type XIV; MilliporeSigma) for 10 minutes. The Ca 2+ -free Tyrode's solution contained (in mM) 136 NaCl, 5.4 KCl, 0.33 Na 2 PO 4 , 1 MgCl 2 , 10 glucose, and 10 HEPES (pH 7.4, adjusted with NaOH). The enzyme solution was then washed out, and the hearts were removed from the perfusion apparatus. Left ventricles were placed in Petri dishes and were gently teased apart with forceps. Then, the cardiomyocytes were filtered through nylon mesh. The Ca 2+ concentration was gradually increased to 1.0 mM, and the cells were stored at room temperature and used within 8 hours. Only cells from the left ventricular wall were used.
Electrophysiology. Isolated cardiomyocytes were patch-clamped using the whole-cell configuration of the patch-clamp technique in the current-clamp or the voltage-clamp mode. To record APs, patch pipettes (2-5 MΩ) were filled with an internal solution containing (in mM) 110 K + -aspartate, 30 KCl, 5 NaCl, 10 HEPES, 0.1 EGTA, 5 Mg-ATP, and 5 Na 2 -creatine phosphate (pH 7.2, adjusted with KOH). The myocytes were superfused with normal Tyrode's solution containing (in mM) 136 NaCl, 5.4 KCl, 0.33 Na 2 PO 4 , 1.0 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES (pH 7.4, adjusted with NaOH). APs were elicited with 2-ms, 2-to 4-nA square pulses at various pacing cycle lengths. We quantified TAs and changes in the resting Vm induced by Iso between 5 and 10 minutes after stimulation. The Gap19 peptide (232 ng/μL) and Cx43 antibody (2.5 ng/μL) were added in the pipette solution to block Cx43 hemichannel activity. We used between 2 and 3 cardiomyocytes per isolated heart per condition.
The 2-electrode voltage clamp technique and Xenopus oocytes were used to test hemichannel currents from homomeric and heteromeric channels formed by hCx43, hCx26, and hCx26S17F. Oocytes were enzymatically obtained from ovaries of female Xenopus laevis purchased from Xenopus Express. All connexin clones were purchased from Origene. Nhe1-linearized hCx43, hCx26, and hCx26S17F DNA were transcribed in vitro to cRNAs using the T7 Message Machine kit (Ambion). Electrophysiological data were collected using pCLAMP10 software (Molecular Devices Corporation). All recordings were made at room temperature (20°C-22°C). For Cx43-expressing oocytes, the recording solutions contained (in mM) 117 tetraethylammonium (TEA) and 5 HEPES and 0.2 mM extracellular Ca 2+ concentration (pH 7.4, adjusted with N-methyl-d-glucamine). The recording solutions for Cx43Cx26S17F heteromeric hemichannels contained (in mM) 118 NaCl, 2 KCl, and 5 HEPES and 1.8 mM of extracellular Ca 2+ concentration (pH 7.4, adjusted with NaOH). Currents from oocytes were recorded 2 days after cRNA injection, using a Warner OC-725 amplifier (Warner Instruments). Currents were sampled at 2 kHz and low-pass filtered as 0.5 kHz. Microelectrode resistances were between 0.1 and 1.2 MΩ when filled with 3M KCl. Antisense oligonucleotides against Cx38 were injected into each oocyte to reduce the expression of endogenous Cx38 at 4 hours after harvesting the oocytes (1 mg/mL; using the sequence from Ebihara [ref. 74] ). We assessed hemichannel currents and changes in the resting Vm evoked by NO at 10 minutes after stimulation. We used at least 3 oocytes per each independent frog.
Electrocardiography. Whole-animal ECGs were recorded using needle electrodes in a lead II conformation. Animals were anesthetized by Avertin (2,2,2-tribromoethanol, 290 mg/kg IP) and kept at a constant 37°C temperature using a heating pad for the duration of analysis. For inhibition of NO production, animals were treated for 1 week with 2 mM l-NAME (MilliporeSigma) via water solution. Following treatment time, mice were tested with Iso (5 mg/kg IP). ECGs were recorded before (baseline line) and after Iso treatment. Arrhythmias were scored based on a point system: 0, no arrhythmias; 1, single PVCs; 2, double PVCs; 3, nonsustained VT; 4, sustained VT or AV block; and 5, death. We used between 6 and 7 independent mice per experiment.
Dye perfusion and uptake in isolated hearts. Mice were heparinized (5000 U/kg) and then anesthetized with Avertin (2,2,2-tribromoethanol, 290 mg/kg IP). Once unconscious, mice were injected with either saline (control) or Iso (5 mg/kg IP). Twenty minutes following Iso or vehicle injection, mice were sacrificed, and hearts were extracted and cannulated in a Langendorff perfusion system. Hearts were perfused with normal Tyrode's buffer (NT) (in mM: 136 NaCl, 5.4 KCl, 0.33 NaH 2 PO 4 , 1 MgCl 2 , 1 CaCl 2 , 10 HEPES, and 10 glucose) at 37°C for 10 minutes, NT containing ethidium bromide (5 μM) or PI (50 μM) for 20 minutes, and then NT buffer for 5 minutes to wash out the dye. Hearts were then fixed overnight in 4% paraformaldehyde (MilliporeSigma), placed into 30% sucrose solution in PBS (MilliporeSigma) for 12 hours, then embedded in O.C.T. (Tissue-Tek, Sakura Finetek). Subsequently 10-μm cryosections were made; slides were thawed to room temperature and washed in PBS, and Alexa Fluor 488 Wheat Germ Agglutinin (Invitrogen, Thermo Fisher Scientific) was applied for 20 minutes. Slides were then washed in PBS and mounted with mounting reagent with DAPI (Invitrogen, Thermo Fisher Scientific). Slides were then imaged using a 200 Axiovert fluorescence microscope (Zeiss). To calculate ethidium fluorescence in ImageJ (NIH), DAPI-stained nuclei were identified and created as regions of interest (ROIs), and individual nuclei (100-150 per image) mean fluorescence intensities were measured. Then, the ROI outlines were projected onto the corresponding ethidium image, where individual fluorescence intensities were measured, capturing ethidium signal within all nuclei. Ethidium intensity was then divided by DAPI nuclei intensity per respective ROI signal; then the mean ratio was calculated for all nuclei in the image. We used 6 independent hearts per experiment. In addition, 3 images per heart were evaluated in a blinded manner.
Biotin perfusion of isolated hearts. Mice were heparinized and then anesthetized with Avertin (2,2,2-tribromoethanol, 290 mg/kg IP). Once unconscious, mice were sacrificed, and hearts were extracted and cannulated in a Langendorff perfusion system. Hearts were initially perfused with NT for 5 minutes, switched to NT buffer biotin (EZ-Link NHS biotin, 0.5 mg/mL, Thermo Fisher Scientific) for 60 minutes (0.25 mL/ min flow rate), and washed out for 10 minutes with NT buffer plus 15 mM glycine. Left ventricular tissue was then homogenized in HEN buffer (in mM: 250 HEPES, 1 EDTA, and 0.1 neocuproine, pH 7.7) with 2× HALT protease inhibitors (Thermo Fisher Scientific) and then centrifuged at 16,000 g for 10 minutes. Following protein concentration determination, 50 μL streptavidin beads (Thermo Fisher Scientific) were added to 200 μg protein and nutated for 90 minutes at 4°C with occasional vortexing. Samples were then centrifuged at 16,000 g for 2 minutes, and the supernatant was discarded. The streptavidin pellet was then resuspended in fresh lysis buffer containing 0.1% Triton X-100 and centrifuged for 1 minute at 16,000 g.
The pellet was then washed with PBS (pH 7.4) and centrifuged. Next, 25 μL of 2× Laemmli sample buffer was added and heated at 100°C for 5 minutes to disrupt biotin-streptavidin interaction. The heated samples were then centrifuged for 1 minute at 16,000 g, and the supernatant was run along with total protein extracts without streptavidin pulldown on SDS-PAGE.
Immunofluorescence. Mouse ventricular tissue was frozen in O.C.T. (Tissue-Tek, Sakura Finetek). Cryosections were cut at 6 μm; slides were thawed to room temperature, washed in PBS for 10 minutes, and blocked for 1 hour at room temperature with 10% normal donkey serum (Jackson Immunoresearch) in PBSt wash buffer (PBS + 0.1% Tween-20). Sections were then incubated with both N-cadherin (Invitrogen, Thermo Fisher Scientific, 33-3900, 1:200, mouse) and biotin (Abcam, ab53494, 1:200, rabbit) antibodies in blocking buffer overnight at 4°C. Following 3 washes in PBSt, sections were incubated for an hour at room temperature with Alexa Fluor-conjugated secondary antibodies (Jackson Immunoresearch) in blocking buffer (1:200) . Slides were subsequently washed in PBSt, and coverslips were mounted using ProLong gold antifade reagent containing WGA, Alexa Fluor 350 Conjugate (Invitrogen, Thermo Fisher Scientific). Sections were imaged on a 200 Axiovert fluorescence microscope (Zeiss).
Western blotting. Protein samples from the left ventricular heart wall or from injected Xenopus oocytes were separated by 10% SDS-PAGE and transferred onto a PVDF membrane (Bio-Rad). The primary Cx43 (MilliporeSigma, C8093, 1:2000, mouse), eNOS (Thermo Fisher Scientific, 9D10, 1:1000, mouse), and N-cadherin (Invitrogen, Thermo Fisher Scientific, 33-3900, 1:2000, mouse) antibodies and secondary antibodies (Pierce Biotechnology, Thermo Fisher Scientific, 1/5000) were incubated using the Signal Enhancer HIKARI (Nacalai Tesque, Inc). The protein bands were detected with the SuperSignal West Femto (Pierce Biotechnology, Thermo Fisher Scientific). Molecular mass was estimated with prestained markers (Bio-Rad). Protein bands were analyzed using ImageJ software (NIH). We used 6 independent hearts per treatment.
Detection of S-nitrosylated proteins. S-nitrosylated proteins were isolated from either mice heart ventricular samples or Xenopus oocytes expressing Cx43 WT or mutant hemichannels. Heart tissue and Xenopus oocytes were homogenized in HEN buffer (in mM: 250 HEPES, 1 EDTA, and 0.1 neocuproine, pH 7.7) containing protease inhibitors. Samples containing 200 μg protein were treated by the biotin switch method to pull down all S-nitrosylated proteins (75) . Briefly, samples were incubated with methyl methanethiosulfonate reagents (MMTS, MilliporeSigma) for 1 hour at 50°C in the dark to block cysteine-free thiols. Afterward, proteins were precipitated with 4 volumes of ice-cold acetone, repeatedly washed with acetone to remove free MMTS, and resolubilized. Thereafter, nitrosylated cysteine residues were reduced to free cysteine by incubating 1 hour with 30 mM sodium ascorbate (MilliporeSigma) and labeled with HPDP-biotin (Thermo Fisher Scientific). Proteins were precipitated with acetone to wash the excess of HPDP-biotin and solubilized for Western blot analysis. Following solubilization, the samples were incubated 1 hour with agarose-conjugated streptavidin beads (Thermo Fisher Scientific) and centrifuged to pull down HPDP-biotinylated proteins. Adsorbed proteins were separated using 10% SDS-PAGE and transferred onto a PVDF membrane (Bio-Rad). A monoclonal anti-Cx43 (MilliporeSigma, C8093, 1:2000, mouse) was used to detect Cx43 protein. For all Western blot analysis, the intensity of the signal was evaluated using the ImageJ program. We used 6 independent hearts per treatment.
Analysis of protein-to-protein association. The subcellular distribution and possible spatial association between S-nitrosylation and Cx43 were evaluated by PLA (76) (MilliporeSigma). Tissue sections (6 μm) were blocked and incubated with 2 primary antibodies from different species, which were, then, detected using oligonucleotide-conjugated secondary antibodies as described in the manufacturer's protocols. The antibodies used were a monoclonal anti-Cx43 (MilliporeSigma, C8093, 1:200) and an anti-S-nitrosocysteine antibody (MilliporeSigma, N5411, 1:100). If the target proteins were closer than 20 nm, the oligonucleotides could be used as templates for DNA ligase-mediated joining of additional oligonucleotides to form a circular DNA molecule, which was amplified using hybridizing fluorophore-labeled oligonucleotides. Images were visualized with a 200 Axiovert fluorescence microscope (Zeiss). We used 5 independent hearts per treatment.
Chemicals. l-NAME, HEPES, cAMP, Na 2 -creatine phosphate, K + -aspartate, N-methyl-d-glucamine, and TEA were purchased from MilliporeSigma. DEENO and Iso were obtained from Calbiochem and collagenase type II from Worthington. Gap19 was purchased from Tocris.
Statistics. Values are displayed as mean ± standard error of the mean. Comparisons between groups were made using 1-way ANOVA or 2-way ANOVA plus Tukey's post hoc test, as appropriate. In the case of 2 groups, we performed paired 2-tailed Student's t test. P < 0.05 was considered significant. Each figure indicates the respective n value.
Study approval. All animal experiments were approved by the IACUC of Rutgers New Jersey Medical School and performed in accordance with the NIH guidelines.
Two non-DMD and 2 DMD male human heart samples were obtained from the University of Maryland Brain and Tissue Bank, a member of the NIH NeuroBioBank network. All samples were dissected postmortem. Informed consent was obtained from all subjects from whom tissues were analyzed. All human experiments were approved by the IRB of Rutgers University (Newark, New Jersey, USA) and performed in accordance with relevant guidelines and regulations.
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